The phylum Annelida comprises primitive coelomates that possess specially developed cellular immunity against pathogens. Active phagocytosis by coelomocytes occurs in the struggle against bacteria in Polychaeta and Oligochaeta. Encapsulation plays an important role in defense against parasites, and experimental studies have demonstrated that cooperation between different coelomocyte populations occurs in this process. Spontaneous cytotoxicity of coelomocytes against xenogenic or allogenic cells is analogous with that of vertebrate natural killer cells. Graft rejection is a model for studying the activity of these cells. Accelerated rejection following multiple transplantation reveals that the cellular immune defense system has a short-term memory. In humoral immunity, agglutinins aggregate foreign material and their level is enhanced by antigens; in Annelida, however, no specificity analogous to vertebrate antibodies has been revealed, except for weak specificity of some antigen-binding proteins. Hemolytic substances have been detected, particularly in Oligochaeta, where a fetidin possesses bactericidal activity. Lysozyme and some antibacterial proteins also occur in Polychaeta. Annelida react to physical and chemical insults by various processes. These responses are mainly due to synthesis of stress-induced proteins, inhibition of enzyme activity, and modulation (inhibition or stimulation) of the activity of enzymes involved in the detoxification of xenobiotics. Moreover, these responses frequently differ from those of vertebrates, particularly in terms of the nature of inducers. In other respects, these responses are extremely variable in Annelida, even in closely related species. Reviews / Synthèses 253 Résumé : Les annélides sont des coelomates primitifs dont l'immunité cellulaire contre les agents pathogènes est particulièrement développée. La phagocytose intense opérée par les coelomocytes assure la lutte contre les bactéries, aussi bien chez les polychètes que chez les oligochètes. L'encapsulation intervient davantage dans la lutte contre les parasites. Des expériences ont mis en lumière la coopération de diverses populations de coelomocytes dans ce processus. La cytotoxicité spontanée des coelomocytes contre les cellules xénogènes et allogènes n'est pas sans rappeler celle des cellules lymphocytes tueurs des vertébrés. Le rejet de greffe peut servir de modèle dans l'étude de l'activité de ces cellules. À la suite de greffes consécutives, le temps de rejet devient de plus en plus court, ce qui reflète la mémoire à court terme des cellules du système immunitaire. Dans l'immunité humorale, les agglutinines agglomèrent des particules étrangères et leur teneur est stimulée par ces antigènes. Cependant, chez les annélides, il ne semble pas y avoir de spécificité comparable à celle des anticorps de vertébrés, sauf peut-être une faible spécificité dans le cas de certaines protéines qui se lient aux antigènes. Des substances hémolytiques ont été détectées, particulièrement chez des oligochè-tes où a également été trouvée une fétidine à propriétés bactéricides. Du lysozyme et quelques protéines antibactérien-nes ont également été rencontrés chez les polychètes. Les annélides réagissent de diverses façons aux assauts physiques et chimiques de leur environnement, par la synthèse des protéines due au stress, par l'inhibition de l'activité enzymatique et par la modulation (inhibition ou stimulation) des enzymes responsables du processus de détoxication des xéno-biotiques. Ces réponses sont souvent différentes de celles observées chez des vertébrés, particulièrement en ce qui concerne la nature des agents inducteurs. À d'autres égards, les réactions sont extrêmement variables au sein du phylum des annélides, même chez des espèces très apparentées.
Introduction

During the course of evolution, Annelida have developed defense strategies against various pathogens. These pathogens are, firstly, bacteria living in water or soil that are ingested during feeding or introduced into the body following injury. Parasites, particularly larval forms, which represent the dissemination phase, are an other important group of potentially pathogenic agents. Reaction against these living pathogens constitutes immune defense.
Physical and chemical insults occurred in the past (volcanic eruptions, exposure to metals through erosion of natural veins, etc.), but they have increased greatly as a result of human activities (release of industrial heavy metals and emission of various pollutants). Defense mechanisms induced by the presence of these toxic materials are less specific than immune reactions and induce various responses: some depress physiological activities, while others enhance the synthesis of molecules required for detoxification.
Only a limited number of species in the three classes of Annelida have been investigated in this respect: in particular, except for neuroimmunity (see Salzet 2001) , little is known about defense mechanisms in Achaeta.
Immunity in Annelida
Introduction
Immunity can be defined as the natural defenses of the organism (self) against external invasions (non-self) from the environment. Polychaeta, which are essentially marine worms, are aggressed by bacteria living in seawater and sediment and also by numerous parasites. Most Oligochaeta are in contact with bacteria in the soil. During evolution, adaptation has occurred through increasing efficiency of both cell and humoral immunity.
For a comprehensive survey of immune processes, it is necessary to review the anatomy of Polychaeta and Oligochaeta. These worms are characterized by the presence of two compartments containing free cells: (i) the blood system with hemocytes; this compartment does not seem to be actively involved in immunity; and (ii) the coelom, which contains several populations of cells.
An extensive review of older papers describing the features of hemocytes and coelomocytes in many families of Polychaeta, determined by means of light microscopy, was published by Dales and Dixon (1981) . Various terms have been used by the authors of these older papers: amoebocyte, lymphocyte-like, etc. For consistency in terminology, only "granulocyte" and "eleocyte" (a term introduced by Romieu 1923) will be used in this review.
In the family Nereididae, "granulocyte" was introduced by Baskin (1974) for cells containing many electron-dense granules. In Nereis (Hediste) diversicolor, three types of granulocytes have been described, first from their morphology studied by electron microscopy (EM) (Dhainaut 1984a; Dhainaut and Porchet-Henneré 1988) and then with the aid of mono-clonal antibodies (Porchet-Henneré et al. 1987a; PorchetHenneré 1990) . Type I granulocytes, termed G1 cells (observed also in Arenicolidae by Dales and Dixon 1981) , are large, fusiform cells that contain two types of cytoplasmic granules and bundles of microfilaments that extend throughout the cell. Type II granulocytes (G2 cells) have frequently been observed in Polychaeta. They were first mentioned as granular amoebocytes occurring in several families and described, using EM, in Nereididae (Baskin 1974; Dhainaut 1984a) , Terebellidae (Eckelberger 1976) , and Arenicolidae (Dales and Dixon 1981) . G2 granulocytes have no microfilaments and their cytoplasmic granules are more numerous than in type I cells. Abundant phagocytic vacuoles are distributed in the cortical cytoplasm. In vitro, G2 granulocytes produce hyaline veil-like pseudopodia, and adhere to the substrate by means of radially distributed actin fibers. Type III granulocytes (G3) are small cells. They have a high nucleoplasmic ratio and contain a few rounded granules. They do not adhere to glass slides. The eleocytes are characterized by their abundant nutritive inclusions. These cells show close analogy with the chloragogen-cell lineage of Oligochaeta.
Despite the advent of ultrastructural studies, the classification of coelomocytes in Oligochaeta remains confused (Jamieson 1981) . Valembois (1971) provided a precise classification based on both morphology and origin of the coelomocytes in Eisenia fetida, but it is only partially compatible with the description of coelomocytes from Lumbricus terrestris by Linthicum et al. (1977b) . Those authors recognize three types (their apparent equivalent in Valembois' system is given in parentheses): (1) lymphocytic coelomocyte types I and II (lymphocytoid cells, splancnopleural lineage); (2) granulocytic coelomocyte type I (macrophage, splanchnopleural lineage) and type II (late lymphocytoid); (3) inclusion-containing coelomocyte (possibly vacuolar leucocyte).
Chloragocytes (chloragogen cells) are specialized peritoneal cells of the intestine and dorsal blood vessel, which detach from the peritoneum and differentiate into eleocytes, which remain free in the coelomic fluid (CF). The chloragocytes and eleocytes have been said to resemble the vertebrate liver in function: the metabolism and storage of glycogen and lipids and excretion (see Jamieson 1981) .
All these coelomic cells are implicated to various degrees in the process of cell immunity and, through their secretions, in humoral immunity.
Cell immunity
Phagocytosis
This process, one of the oldest defense mechanisms in the Animal Kingdom, is usually linked with the induction of an oxidative burst of metabolism. Production of highly reactive oxygen radicals represents an effective way of destroying engulfed microorganisms.
In Polychaeta, active pagocytosis occurs in the struggle against bacteria. Experimentally, this process has often been examined by injecting small particles such as ferritin, india ink, or thorium dioxide, which are taken up by endocytosis and stored in the vacuoles of the coelomic cells. This uptake may be followed by partial degranulation of the cells. In Terebellidae and Arenicolidae, Braunbeck and Dales (1984) observed that larger particles such as vertebrate erythrocytes are also taken up by G2 granulocytes by means of phagocytosis. The phagocytic cells are then carried to the heart bodies and the chloragogen tissues.
An important function of granulocytes is the clearance of bacteria from the coelom. In Arenicolidae, those of Microccus sp. appeared to be engulfed by phagocytic cells, which revealed strong phosphatase activity (Dales and Dixon 1981) . In the same family, Fitzgerald and Ratcliffe (1982) noted a reduction in the number of free circulating coelomocytes and the appearance of cellular aggregates after inoculation with Gram-positive and Gram-negative bacteria. In Nereididae, when Vibrio alginolyticus, previously labelled by incorporation of tritiated thymidine, were injected in the coelomic cavity (A. Dhainaut, unpublished data), the radioactivity of the CF dropped quickly. Simultaneously, the number of circulating granulocytes decreased, whereas the number of eleocytes did not change. EM observations revealed that bacteria were phagocytosed by granulocytes and that G2 granulocytes were especially active in antibacterial defense .
The role of the eleocytes is rather enigmatic. These cells contain abundant storage material (glycogen and fat droplets). In female Nereididae, macromolecules synthesized by the eleocytes play an important role in vitellogenesis. Eleocytes appear to be the site of production of a complex molecule, vitellogenin, the precursor of the oocyte yolk glycoprotein (Dhainaut 1984b; Fischer and Dhainaut 1985; Baert and Slomianny 1987) .
Immediately prior to spawning, the muscle cells of Nereididae undergo histolysis during metamorphosis to the swimming epitokous form (Dehorne and Defretin 1933) . EM investigations in Nereis pelagica and N. diversicolor (Dhainaut 1966 (Dhainaut , 1984a and Nereis longissima (Baskin 1974) revealed that the eleocytes are specialized for phagocytosis of muscle fragments (sarcolytes). Eleocytes restrict their phagocytosis to the sarcolytes, which are degenerating "self" components. They never contribute to phagocytosis of the "non-self," such as bacteria.
In Oligochaeta, all coelomocyte types in L. terrestris, with the exception of chloragogen cells, produce pseudopodia and are capable of phagocytosis (Stein et al. 1977) . In this species, phagocytotic activity of leucocytes is enhanced by the vertebrate opsonins IgG and complement C3b fragment (Stein and Cooper 1981; Laulan et al. 1988) . In E. foetida, Dales and Kalac (1992) followed phagocytosis of three species of bacteria and confirmed the role of the coelomocytes: the bacteria multiply in vitro in CF devoid of coelomocytes. However, repeated vaccination did not affect the rate of phagocytosis. The processes of both bacterial clearance (Valembois et al. 1993 ) and generation of reactive oxygen species (Valembois and Lassegues 1995) have been reported in E. fetida.
Encapsulation response
A defense reaction that neutralizes foreign bodies that are too large for phagocytosis is found in all invertebrates (see the review in Ratcliffe et al. 1985) . In the polychaete N. diversicolor, brown tumors containing degenerating oocytes or chaetae were described some time ago (Thomas 1930) , and the formation of capsules can be experimentally induced (Dales 1983 ). In the oligochaete E. fetida, formation of brown bodies in the coelomic cavity may result from aggregation of coelomocytes around offending foreign cells such as bacteria, gregarines, incompatible graft fragments, or modified "self structures" (Valembois et al. 1992) . Lipofuscin and melanin have been detected in these brown bodies (Valembois et al. 1994 ).
Encapsulation and parasitism
In Polychaeta, encapsulation plays an important role in defense against parasites. As early as 1904, Brasil (cited by Dales and Dixon 1981) described in some detail the reaction of Pectinaria koreni cells to the gregarine Urospora lagidis, concluding that the amoebocytes encapsulated the sporozoites only when the parasites were developing. In cirratulids parasitized by Gonospora longissima, the amoebocytes were able to destroy the living trophozoites (Caullery and Mesnil 1898, cited by Dales and Dixon 1981) .
More recently, the development of a coelomic coccidian, Coelotropha durchoni, in N. diversicolor (Vivier and PorchetHenneré 1964; constituted an interesting model for analyzing a host-parasite relationship. The coccidian develops successfully in its host because of its ability to circumvent the host's internal defense system. First, it avoids phagocytes by penetrating other cells, principally eleocytes and muscle cells, where it undergoes a phase of intracellular development. After it becomes extracellular, a thick coat protects it from attack by granulocytes. This coat then ruptures to permit fertilization, then a thick cystic envelope forms to protect the fertilized zygotes. Parasites that have lost their coat and remain unfertilized are surrounded with granulocytes and destroyed by encapsulation. A hormonal correlation exists between the biological cycles of the parasite and its host (Porchet-Henneré 1969) . Under natural conditions, infection by the coelomic coccidian stage occurs in mature worms, which at this stage undergo a strong decrease in their neuroendocrine activity. Experimentally, when the brain of the worm is removed, the intracellular stages of C. durchoni also undergo considerable growth and the construction of the coat is enhanced.
Experimental encapsulation
The encapsulation process has been experimentally studied in N. diversicolor, using implanted latex beads as microcarriers (Porchet-Henneré et al. 1987b) . Cooperation between different coelomocyte populations in their responses has been investigated by transmission electron microscopy (TEM) and scanning electron microscopy (SEM) and using monoclonal antibodies (Porchet-Henneré 1990) .
In the minutes following implantation of the foreign body (latex bead), the first cells to come into contact with it were G3 cells, which are reactive to the monoclonal antibody CC13. Almost immediately after fixation to the surface of the bead, these cells underwent lysis. The nucleus, cell organites, and dense granules were extruded and all formed a coating around the implant.
So G3 cells are involved in the first step in recognizing the "non-self" character of the implant. This process probably implies the existence of membrane receptors. This process is poorly understood in Polychaeta. Lectins, with their specific sugar-binding properties, have been used to analyze the glycoconjugates composing the surface membrane of blood cells from a variety of invertebrate species (for a review see Yoshino 1986) , and the capacity of the host to carry out encapsulation could be related to certain cell types. Using this method, M'Beri et al. (1988) studied the nature of membrane receptors in coelomocyte subpopulations in N. diversicolor and showed that G3 cells can be distinguished from other granulocytes by their affinity for a specific lectin-binding fucose residue.
Several hours after implantation, numerous granulocytes, mainly G2 cells, are recruited to the latex bead, where they become flattened and stacked to form concentric sheets around the foreign body. G2 cells are linked by numerous desmosomes. Degranulation occurs in the inner sheets of coelomocytes and gives rise to a large amount of electrondense fluid, which runs into the intercellular spaces and flows onto the surface of the implant.
The material produced by the G2 cells during the immune reaction of encapsulation is brown. Cytochemistry has established its melanic nature. Moreover, the G2 cells are capable of producing the enzyme phenoloxidase, which triggers melanin biosynthesis (Porchet-Henneré and Vernet 1992). The enzyme was detected in vacuoles and the Golgi apparatus of the granulocytes, and was activated by the presence of the foreign bodies. The G2 cells may therefore be compared to a melanocyte in which melanin is not stored as in mammal cells, but immediately extruded following synthesis in the form of a thick fluid. In arthropods, it has been found that in addition to their function in encapsulation, intermediates in the melanin pathway are cytotoxic and fungistatic and participate in hemolymph coagulation (Johansson and Soderhall 1989) . The same features may be postulated for N. diversicolor; degranulation of G2 cells has been shown to kill parasites (Porchet-Henneré et al. 1987a ). The earthworm E. fetida showed evidence of lipofuscin and melanin production in the brown bodies, which also resulted from aggregation of coelomocytes (Valembois et al. 1994) .
Encapsulation is a complex process that implies cooperation between the different granulocyte populations (eleocytes are never involved). Very little is known about the factors involved in cell recognition in Polychaeta. Interleukin-like 1 (IL-1) has been detected in the brain and eleocytes of N. diversicolor by immunnocytochemisty (Paemen et al. 1992) . Preliminary experiments in this species suggest that IL-1 could induce chemotaxis and stimulate the granulocytes (E. Porchet-Henneré, unpublished data).
Grafts
There have been few studies of graft processing in Polychaeta, and observations are restricted to the family Nereididae. Grafts of various organs (parapods, body wall, etc.) have been exchanged between individuals of the same Nereis species (allograft) or between species (xenograft) (Boilly-Marer 1979) . Development of the grafts and of the host has been followed for 1 or 2 years until normal reproduction (and death) of the grafted worms occurred. Autografts are always accepted. For both allografts and xenografts, the frequency of rejection is greatest about 2 weeks after transplantation. However, important differences are observed according to the origin of the grafts. When N. pelagica is used as the host, the rate of rejection of allografts is moderate: from 6% (body-wall graft) to 24% (parapod graft). In the case of xenografts, two types of responses can be distinguished: (1) no compatible interspecific associations; grafts from N. diversicolor, Perinereis cultifera, and Platynereis massiliensis were rejected (100%); and (2) semicompatible interspecific associations; some grafts of body-wall tissue from N. longissima (25%) or Nereis irrorata (34%) were not rejected.
Tolerance of xenografts is very unusual in the Animal Kingdom, although durable interspecific associations forming chimerae have been constructed for nemertines (Bierne and Langlet 1974; Langlet and Bierne 1977) . In Nereididae, tolerance could be related to some antigenic identity between N. pelagica and the two semicompatible species, identity that could be associated with their close phylogenetic relationship. Unfortunately, the taxon Nereididae is monophyletic (Fauchald and Rouse 1997) and little is known about the relationships between species.
Graft development has been extensively investigated in Oligochaeta. In L. terrestris, rejection of xenografts by E. fetida has been carefully studied by Linthicum et al. (1977b) , using EM. Two major events occurred: a generalized inflammatory response and an immunospecific response. The generalized inflammatory response (within 1-3 days) appears to be related primarily to wound-healing. In sham-operated controls, autografts, and xenografts, granulocytic coelomocytes migrate to the graft site and participate in closing the wound. In the immunospecific response (days 11-13), lymphocytic granulocytes, which are present in xenografts, engage in active phagocytosis of muscle fibers. Intervention by this cell type is not observed in autografts and sham-operated controls. Adaptive coelomocyte transfer experiments confirm that graft rejection has a immunospecific component mediated by "activated" coelomocytes (Valembois 1971) . Valembois (1974) presents a somewhat different interpretation of the results of xenograft experiments employing E. fetida as a host and Allolobophora caliginosa as a xenograft. The first-set graft is destroyed, apparently as a result of induced autolysis involving synthesis and release of lysosomal enzymes by the transplanted tissues. Destruction of the second-set graft results from coelomocytic invasion, as with the first-set xenograft of L. terrestris.
Second-set xenografts from E. fetida transplanted onto L. terrestris hosts undergo accelerated rejection if they are grafted 1 week after the first-set xenografts. In contrast, second-set xenografts transplanted at longer intervals after first-set grafts undergo no accelerated rejection. The essential variable in these experiment has been the timing of secondset transplantation. Accelerated rejection of repeated xenografts is apparently one measure of the short-term "memory" of the cellular immune defense system and probably results from the intense responses of coelomocytes activated by a first transplant that are still present at the time of second-set grafting (Cooper 1971 (Cooper , 1980 . Thus, the annelids studied demonstrate recognition of self involving an efficient cellular response in the form of attacking and destroying non-self tissue.
Cytotoxic cells
The study of graft rejection has emphasized the role of cell cytotoxicity. The natural cytotoxic activity of leucocytes was first demonstrated by Boiledieu and Valembois (1977) in Sipunculoidea, a group related to Annelida. Then spontaneous cytotoxicity was investigated in vitro in both Polychaeta and Oligochaeta.
Evidence of the presence of cytotoxic cells in N. diversicolor was reported by . Several populations of coelomic cells were mixed in vitro with Arenicola sp. coelomocytes or vertebrate erythrocytes (human or mouse). After 20 min incubation, G3 granulocytes (revealed by the antibody CC10) bind very tightly to the foreign cells. SEM examination showed that many filopodia of G3 cells extend over and stick to the erythrocytes. TEM revealed that the positions of the Golgi apparatus and centrosome in G3 cells were rearranged, and they were directed towards the target as soon as they became bound to it. Then the G3 granulocytes released electron-dense granules by exocytosis onto the foreign cells, which finally underwent lysis. Porelike structures were observed on the membrane of lysed cells after they came into contact with coelomic cells, suggesting that a pore-forming protein (perforine-like?) might be operating in the Nereis system.
In Oligochaeta, spontaneous allogenic cytotoxicity of the coelomocytes of E. fetida (Valembois et al. 1980) and L. terrestris (Suzuki and Cooper, 1995a) has been investigated in vitro using different assays (trypan blue, lactate dehydrogenase, and 51 Cr release). Suzuki and Cooper (1995a) investigated xenogenic reactions against human tumor cells. TEM and SEM studies showed that close contact of the target cell with Lumbricus cells (granular coelomocytes) is followed by lysis. The results confirm that effector cell / target cell contact is essential for cytotoxicity to occur.
These cytological events present analogies with the cytotoxic activity that occurs in vertebrate natural killer (NK) cells. They support the idea, postulated by Franceschi et al. (1991) , that a primitive NK cell (analogous to vertebrate NK cells) developed early in phylogeny.
As in the NK-cell system, target specificity is exceedingly broad, since xenogeneic, allogeneic, and even syngenic erythrocytes are killed under appropriate conditions. In the polychaete Glycera sp., Decker et al. (1981) demonstrated that cytoxicity of coelomocytes is independent of prior antigen exposure or the addition of exogenous antibody or lectin. The specificity of these cytotoxic cells may be directed at cell-surface glycoproteins on the target cell surface, since a variety of defined mono-and di-saccharides can block cell killing. Suzuki and Cooper (1995b) demonstrated that modification of surface antigen can affect the level of cell-mediated cytotoxicity. They observed no significant spontaneous cytotoxicity against autogeneic target coelomocytes haptened with 2,4,6,-trinitrobenzene sulfonic acid, but coelomocytes effected significant spontaneous cytoxicity against a haptened allogenic target.
Humoral immunity
Invertebrates lack the immune system of vertebrates, which is characterized by the production of specific antibodies. Therefore, the protective mechanisms of invertebrate immunity, in addition to cell immunity, are lysis and agglutination enhanced by components from the CF. Research studies in this field are numerous, especially in Oligochaeta, but are difficult to classify for two reasons: firstly, cytolytic activity with agglutinins, hemolysins, and other antibacterial molecules often occurs simultaneously in the CF; secondly, under natural conditions, these factors react against foreign particles (bacteria, fungi, parasites). In the laboratory, experimental challenge often involves the use of vertebrate erythrocytes, and comparisons with natural infections are often impossible.
Agglutinins and hemolysins
Hemagglutinins and hemolysins are both present, and exhibit various activity levels, in the CF of Polychaeta and Oligochaeta. Sheep and rabbit erythrocytes are both lysed and agglutinated in Glycera dibranchiata (Anderson 1980) , Neoamphitrite figulus, and Arenicola marina (Dales 1982) . Hemolysis and hemagglutination occur simultaneously in the CF and cocoon albumen of E. fetida (Valembois et al. 1984) . Cross-reactivity of hemolytic and hemagglutinating proteins has been demonstrated in the CF of several earthworm species. The ability of the hemolytic and hemagglutinating factors in the CF to bind specifically to rabbit erythrocyte membranes was used by Mohrig et al. (1996) to purify these compounds and prepare them for the production of polyclonal antisera. The antibody raised against the CF of A. caliginosa is able to inhibit the hemolytic activity of E. fetida and A. caliginosa and also the hemagglutination capacities of L. terrestris, Lumbricus rubellus, and Dendrodrillus rubidus. Fetuin and α-1-acid glycoprotein were demonstrated to be strong inhibitors of both hemolytic and agglutinating activities in all species investigated.
Agglutinins
Agglutinins participate in defense mechanisms of invertebrates by aiding phagocytosis. Agglutinin production is induced by antigens. These may function to aggregate foreign material and may serve as opsonins. In Polychaeta, results concerning the nature of these molecules have been obtained principally in Nereis virens (Russel et al. 1983; Lai et al. 1989) . The CF of this worm contains three classes of hemagglutinins: (1) four low molecular mass glycoproteins that are heat-sensitive, (2) a mixture of lipid agglutinins that are heat-insensitve, and (3) a high molecular mass lipidassociated proteoglycan that is insensitive to divalent cations. In Oligochaeta, the CF of L. terrestris contains low levels of naturally occurring agglutinins for both erythrocytes (Stein et al. 1982 ) and several strains of bacteria (Stein et al. 1986 ). However, if worms are injected intracoelomically with rabbit erythrocytes (Stein et al. 1982) or some strains of bacteria (Stein et al. 1986 ), agglutinin levels increase significantly within 24 h (up to 7-fold). Agglutinins are inhibited by a number of glycoproteins and polysaccharides. The only simple sugar to show specific inhibition is a monosaccharide found in bacteria (2-keto-3-deoxyoctonate) (Stein and Cooper 1983) . Separation of the CF of L. terrestris by gel chromatography revealed a single agglutinin, with a molecular mass of 30 kDa, which was unaffected by heating at either 60 or 100°C and was composed primarily of glycolipids (Stein et al. 1989 ). The agglutinins from antigenically challenged CF were more complex; three were unaffected by heat and are considered lipids and two were sensitive to heat and are considered proteins (Stein et al. 1990 ). These last results seem to indicate that the increase in agglutinin levels in the CF after induction is not simply the release of stored agglutinins, but indicates a specific process.
The origin of agglutinins in E. fetida has been investigated by Valembois et al. (1982) . Observations using SEM have shown that chloragocytes are able to agglutinate vertebrate erythrocytes and pathogenic bacteria such as Bacillus megaterium; however, bacteria known to be nonpathogenic to this worm, such as Acinetobacter sp., were not agglutinated. In vitro, chloragocytes released their chloragosomes and exhibited stronger agglutination activity against pathogenic bacteria than in situ. According to those authors, under normal living conditions, chloragocytes probably intervene in antibacterial defense mainly after being extruded from the coelomic cavity and spreading and degranulating at the surface of the tegument.
Experimentally, hemagglutinins are responsible for the formation of spontaneous rosettes of sheep erythrocytes around non-adhering coelomocytes (Toupin and Lamoureux 1976) ; these are also called secretory rosettes (SRs) (Goven et al. 1994 ). Laulan et al. (1985) reported that L. terrestris synthesized specific substances in response to immunization with a synthetic hapten. In response to antigenic stimulation by a hapten (arsenilic acid) coupled with serum human albumin, Tuckova et al. (1988) identified an adaptatively formed 56-kDa-molecule antigen-binding protein (ABP) consisting of two disulfide-linked polypeptide chains (31 and 33 kDa), both of which participate in forming the antigen-binding site. Investigation of the kinetics of ABP formation revealed that the response reached a maximum level between 4 and 8 days after the first dose and approximately 4 days after the second challenge (Tuckova et al. 1991a ). The ABP was isolated and monoclonal antibodies were raised against this molecule (Tuckova et al. 1991b ). Using Western blotting, Bilej et al. (1995b) investigated both humoral and cellular levels of the ABP in vitro. The binding was significantly higher when the same protein was used for successive stimulations in vivo. The degree of specificity of the ABP increased after the secondary in vivo challenge, but even so it was considerably lower than that of vertebrate immunoglobulins. Knowledge of the ABP sequence would be particularly interesting for investigating putative analogies with binding molecules from invertebrates and vertebrates.
Antigen-binding proteins
Hemolysins (directed against erythrocytes)
In the sabellid Spirographis spallanzani, the CF (Parrinello and Rindone 1981) and external mucus (Canicatti et al. 1992 ) possess powerful lytic activity against a variety of vertebrate erythrocyte types. In this species, the hemolysin is a non-enzymatic, calcium-dependent, zinc-inhibitable factor that occurs naturally in the CF. This activity is not significantly reduced by thiols or disulfide covalent modifying reagents (Canicatti and Roch 1993) . This finding differentiates this hemolysin from many thiol-activated hemolytic toxins that occur in different animal groups. It is a low molecular mass molecule (6-8 kDa) whose characteristics remain undetermined. Apart from sialic acid, none of the saccharides tested were able to prevent hemolysis of rabbit erythrocytes, suggesting that carbohydrates are probably not the receptor molecules responsible for binding lytic molecules on the erythrocyte surface.
Eight other polychaete species (Nainereis laevigata, Orbinia cuvieri, Cirriformia tentaculata, Notomastus latericeus, Arenicola claparedii, Petaloproctus terricola, Marphysa sanguinea, Nereis sp.) belonging to five different orders were investigated by Roch et al. (1990) . Homogenates from only three species (N. laevigata, O. cuvieri, and P. terricola) induced hemolysis in sheep erythrocytes. Important differences between the three hemolytic species in hemolytic titers, calcium-or magnesium-dependence, and time-course responses were noted. In all polychaete species examined, hemolysins are thermolabile and divalent-cation-dependent. The results concerning the thermolability of hemolytic polychaete activity are in agreement. In all species examined, and in many other invertebrates studied, temperatures above 55°C generally completely abrogate hemolytic activity. Thermolability is probably one of the common characteristics of all lytic molecules. In this study, however, supernatants from whole homogenized worms were used. This procedure does not allow the origin of the lytic factor (gut, coelomic cells) to be precisely determined, and the biological activity may be due to secondary reactions resulting from homogenization.
By contrast, Roch et al. (1981) recorded calcium-and magnesium-independent hemolytic activity in the CF of Oligochaeta. In the earthworm Eisenia fetida andrei, the chelating agent EDTA did not reduce the hemolytic response of the erythrocytes. Such divergent results indicate large differences between the hemolytic systems of Polychaeta and Oligochaeta. To date, how cations act on the hemolytic molecules of Polychaeta is not very well known. As suggested by Roch et al. 1990 , these ions could act (i) to stabilize the structure of hemolytic molecules; (ii) to mediate the interaction between hemolysins and the target-cell membrane; or (iii) to accelerate hemolysin polymerization, resulting in membrane damage.
Hemolytic and antibacterial proteins
The CF of the lumbricid E. f. andrei exhibits strong hemolytic activity against the erythrocytes of various mammalian species and bacteria ). This activity is mediated by two proteins called fetidins, of apparent molecular masses 40 and 45 kDa. The 45-kDa fetidin is monophilic, while the 40-kDa fetidin exists in several isoforms. In the 40-kDa fetidin, five tryptophans were predicted from the cDNA sequence and their presence was confirmed by biochemical assay . The recombinant protein inhibited the growth of B. megaterium. Besides its hemolytic activity, the protein also exhibited peroxidase acitivity and a peroxidase motif was identified in residues 52-62.
In E. fetida, Eue et al. (1998) distinguished three proteins (40, 43, and 46 kDa). The 40-kDa molecule was demonstrated to be a bifunctional protein that can lyse and agglutinate erythrocytes. At 56°C, the hemolytic activity of the proteins was inactivated but the agglutination activity of the 40-kDa protein was stable. These proteins constitute a major peptidic component of CF (20% of total CF proteins) and are released from the chloragocytes (Valembois et al.1982) . Fetidins contribute about 75% of the bactericidal activity of the CF; the remaining bacterial activity resides in the yellow pigment (riboflavin) and lysozyme. The presence of divalent cations is not required for hemolytic activity of the fetidins . Bilej et al. (1995a) demonstrated that the cytolytic protein of the earthworm CF is also capable of lysing different mammalian tumor cells.
Cytotoxic activity of fetidin can be stimulated in vitro by several serine proteases. Roch et al. (1998) have characterized a 14-kDa plant-related serine protease inhibitor in the CF, which acts in the regulation of cytotoxic activity. Beyond these data, little is known about the regulation of immunodefense in Annelida. Kauschke et al. (1997) suggested that the increase in proteases in the CF of L. terrestris that is seen after an antigenic challenge argues for the involvement of serine proteases in the earthworm immune system.
Other antibacterial molecules
Lysozyme
Lysozyme is an enzyme that cleaves the β-1-4 bonds between N-acetylglucosamine and N-acetylmuramic acid of Gram-positive bacterial cell walls. Lysozyme is often detected using its action against Microccocus lysodeikticus.
The occurrence of lysozyme in Nephthys hombergii has been described by Jolles and Zuili (1960) and Perin and Jolles (1972) . In N. diversicolor, lysozyme was undetectable in the CF of control worms (M'Beri 1988), but has been detected in granulocytes of these worms. In the CF, lysozyme appears about 24 h after the worm has been challenged by bacterial injection. The intensity of the response varies according to the bacteria injected; Escherischia coli and Pseudomonas fluorescens were the most potent stimulators. Lysozyme activity was found in the CF of the earthworm E. fetida (Lassalle et al. 1988 ). Base-line activity was enhanced 20-fold by one injection of either Gram-positive or Gram-negative bacteria or sheep erythrocytes. Maximum activity was induced 4-5 h after injection. Regulation of the transcription and translation of lysozyme has been investigated by Hirigoyenberry et al. (1990) . This humoral defense process requires RNA and de novo protein synthesis in response to pathogenic bacteria. By contrast, fetidins require only the translation of stable RNAs, and their activity peaks occur later (4 h for lysozyme, 3 days for fetidins) .
Lysozyme activity occurs also in several species of Hirudinea: Herpobdella octoculata, Hemopsis sanguisuga, and Hirudo medicinalis (Schubert and Messner 1971) .
Bactericidal factors
With the exception of lysozyme, few antibacterial factors have been revealed in polychaetes. Chain and Anderson (1983a) studied the action of a bactericidal factor against the Gram-negative bacterium Serratia marcescens in the CF of G. dibranchiata. This factor, partially purified, has been shown to be a glycoprotein (250-450 kDa) containing bound divalent cations and at least one disulfide bridge (Chain and Anderson 1983b) . Dales and Dixon (1980) found no effective natural bactericidin in three polychaete species, even after immunization with bacteria.
Antibacterial protein
More recently, an antibacterial protein (MP II) has been detected in the CF of N. diversicolor that inhibits the growth of E. coli and Micrococcus kristinae (Dhainaut et al. 1989) . The antibacterial activity is very weak in non-immunized worms. The bacteria used for immunization were found to exert an influence: E. coli and Pseudomonas aeruginosa triggered the strongest antibacterial reaction. Finally, the response is much reduced in winter (A. Dhainaut, unpublished data).
MP II is a metalloprotein (for the features of this molecule see the section " Physical and chemical insults") that has a bacteriostatic action. MP II probably acts by competing with iron, which is essential for the growth of bacteria (sideroprivation) (for a description of the capacity of MP II to bind with metals see the section "Physical and chemical insults"). Immunocytochemical studies with antibodies against MP II, either polyclonal (Dhainaut-Courtois et al. 1987) or monoclonal (Porchet-Henneré et al. 1987a) , have led to the localization of MP II in coelomic cells identified as G1 granulocytes. Detection of mRNA encoding MP II has been achieved by in situ hybridization (Salzet-Raveillon et al. 1993 ). Based on a partial amino acid sequence of MP II, two oligonucleotide primers were synthesized and used to generate a cDNA fragment by the polymerase chain reaction (PCR). The specificity of the PCR-synthesized 220-base-pair (bp) fragment was verified by hybrid-arrest translation and sequencing. In situ hybridization performed with this cDNA fragment on N. diversicolor whole body defined two specific recognition sites: (1) two types of muscles (perineural and oblique) and (2) a cluster of cells floating in the coelom. The cluster of cells seems to be the site of genesis of G1 granulocytes. The encoding mRNA is high at this site. Surprisingly, when the G1 granulocytes are released in the coelomic cavity, mRNA expression in the mature G1 granulocytes disappears. By contrast, immunocytochemical techniques reveal a high MP II content in these cells.
This last observation raises the problem of the genesis and differentiation of the coelomic cells, which remain very poorly studied in Polychaeta.
Enkelytin
Enkelytin is an antibacterial peptide (29 amino acids) that acts on Gram-negative bacteria. It is liberated by cleavage of a neuropeptide precursor, proenkephalin A. Initially discovered in bovine chromaffin cells (Goumon et al. 1996) , this molecule was then reported in the mollusc Mytilus sp. (Stefano and Salzet 1999) . Recently, in our laboratory, the release of enkelytin has been described in the hirudinean Theromyzon tessulatum following wounding or stimulation by bacterial lipopolysacharides (F.A. Tasiemski, unpublished data).
Influence of toxics on the immune response: utilization as biomarkers
Immune reactions are influenced to various degrees by environmental factors. The immune response to pollutants (heavy metals or pesticides) in the biotope of the worms can be quantified and the animals then used as biomarkers to detect and quantify toxics. The immune-reactivity test is often more sensitive than other laboratory methods (measurement of toxicity, lethality, or bioaccumulation). Both cellular and humoral immune-defense responses under toxic conditions have been investigated.
Cellular response
The influence of heavy metals on phagocytosis of coelomocytes in L. terrestris was studied in vitro by ingestion of fluorescent microspheres and flow cytometry (Fugère et al. 1996) Exposure to any form of mercury, cadmium, or zinc was relatively toxic and affected both cell viability and phagocytosis, whereas lead was relatively well tolerated by coelomocytes. Those authors have also distinguished differences in phagocytic reactivity between the various populations of coeleomocytes.
Polychlorinated biphenyls (PCBs) also cause both acute and chronic inhibition of the phagocytic competence of coelomocytes (Goven et al. 1994; Ville et al. 1995) . PCBs commonly inhibit macophage-related functions, such as wound healing and elimination of non-pathogenic bacteria (Ville et al. 1995) . They also depress the natural allogenic cytotoxicity of earthworm coelomocytes (Suzuki et al. 1995) . These results suggest that PCBs can suppress NK-like activity.
Lysosome-membrane stability is affected by chemical and nonchemical factors and may be useful as an integrative biomarker of mutiple stressors . The permeability of the lysosome membrane increases in response to stress. Retention of neutral red by lysosomes from coelomocytes appears to be a simple biomarker of exposure to heavy metals: the higher the body metal concentration, the shorter the neutral red retention time .
Humoral response
Unlike cellular immunity, humoral activity is stimulated by xenobiotics (pesticides, herbicides, etc.). PCBs increased lysozyme activity in three earthworm species (E. fetida, Eisenia hortensis, and L. terrestris) and enhanced other molecular activities (antibacterial hemolysis, action of proteases) (Ville et al. 1995) . In L. terrestris, however, lysozyme activity is inhibited by copper (Goven et al. 1994) .
Coelomocytes synthesize and secrete agglutinins that participate in the humoral immune response. Inhibition of the humoral response in the earthworm L. terrestris due to chemical exposure can result in immunodepression, i.e., attenuated host resistance to infection. SR tests were done to enumerate agglutinin-producing coelomocytes. SR formation indicates the ability of coelomocytes to produce agglutinin factors in response to challenge by foreign bodies, such as bacterial or fungal infections. These factors serve to aggregate particular antigens and act like opsonins to facilitate phagocytosis. SRs decreased under the influence of PCBs. SR immunoassay is sensitive to PCB levels within an order of magnitude of those reported for a wide variety of wildlife from contaminated areas (Goven et al. 1994 ).
Physical and chemical insults
Introduction
The annelids constitute an important part of the biomass of the seashore, estuaries, fresh water, and terrestrial soils.
They occupy a central position in the trophic network, as a major food source for fishes, birds, and terrestrial fauna. Therefore, they represent a potentially important source of pollutants for these predators and in the subsequent food chain. Moreover, micropollutants can also directly affect the viability of these animals, thus interrupting vital links in biotopes. The principal pollutants contaminating biotopes are heavy metals and xenobiotics (pesticides, herbicides, etc.).
The biological reactions induced by these toxics are many and include (i) inhibition of enzyme activity; (ii) synthesis of stress-induced proteins; (iii) modulation of the activities of enzymes involved in the detoxification of xenobiotics.
Inhibition of activity: cholinesterase model
Characterization and functions
Cholinesterases (ChEs) were discovered in 1906 (Hunt and Taveaux 1906) . Among annelids, ChEs have been characterized in the marine polychaete N. diversicolor (Scaps et al. 1996) , in two species of terrestrial oligochaete, A. caliginosa (Principato et al. 1978 (Principato et al. , 1979 (Principato et al. , 1989 Kaloustian 1981 ) and E. fetida (Andersen et al. 1978; Stenersen 1980a Stenersen , 1980b Scaps et al. 1996) , and in the freshwater hirudinean H. medicinalis (Principato et al. 1981 (Principato et al. , 1983 Talesa et al. 1995) .
Acetylcholinesterases
Acetylcholinesterases (AChEs) (EC 3.1.1.7) preferentially hydrolyze acetylcholine as substrate and are very sensitive to eserine inhibition. A surplus of substrate reduces AChE activity. AChEs are involved in synaptic transmission. The main function of AChEs is the hydrolysis of acetylcholine, the mediator of cholinergic synapses in the nervous system; so AChEs are essential to the correct transmission of nerve impulses.
An enzyme sharing the properties of AChE is present in the soluble fraction of the nereidid polychaete N. diversicolor. Using 7.5% disc polyacrylamide gel electrophoresis (disc-PAGE), Scaps et al. (1996) observed 6 isoforms of AChEs. In N. diversicolor the AChE is represented by two components with similar molecular masses (47 and 55 kDa), a third component with lower molecular mass (18 kDa), and a very important fraction that does not enter the gel (Scaps et al. 1996) .
Propionylcholinesterases
Augustinsson (1963) used the term propionylcholinesterase (PrChE) to distinguish enzymes with a higher activity towards propionylthiocholine iodide (PrTCh) than towards other esters.
Using 7.5% disc-PAGE, Scaps et al. (1996) observed 2 isoforms of ChEs in the oligochaete E. fetida, while in the same species Stenersen (1980b) found three different isoforms, but with a polyacrylamide gel concentration of 5%. Previous work by Stenersen (1980b) revealed the existence in this species of two types of ChEs called E1 and E2 by that author. E1 is a PrChE, whereas E2 is a nonspecific ChE. E1 is represented by four molecular-mass forms: about 65, 105, 235, and 312 kDa. E2 was not further characterized because of its high molecular mass; it remained in the stacking gel. By contrast, Andersen et al. (1978) found only one PrChE in this species, with a molecular mass of about 108 kDa. Components with molecular masses of 53.8, 106, 235, and 310 kDa and a very high molecular mass form that remained in the stacking gel were also observed by Scaps et al. (1996) and confirm the results obtained by Stenersen (1980b) . An additional component with a molecular mass of 628 kDa was sometimes observed. According to Stenersen (1980b) , the high molecular mass form of ChEs probably results from an assemblage of unstable active monomers with a molecular mass of 65 kDa.
In a preliminary study, Principato et al. (1978) partially purified and characterized, using acetylthiocholine iodide (ATCh) as substrate, the ChEs of the oligochaete A. caliginosa and called them AChEs. During estivation this species presents additional AChE isozyme, which coincides with the activation of collagenase (Kaloustian 1981) . In a further study, Principato et al. (1989) showed that the ChEs of A. caliginosa hydrolyze PrTCh optimally and should correspond to PrChEs. This species contains one PrChE of 180 kDa that could be a tetramer of two molecular-mass subunits with molecular masses of 28 and 62 kDa. Talesa et al. (1995) purified and characterized two ChEs in the medical leech H. medicinalis that differ in substrate and inhibitor specificity. Both hydrolysed PrTCh optimally. This substrate preference might permit them to be called PrChEs. Actually, however, the physiological function of PrChEs is not clearly defined, although propionylcholine (PrCh) has been found in animal tissues (Augustinsson 1963; Winners et al. 1978) . Although these enzymes hydrolyzed PrTCh optimally, those authors used AChEs for both enzymes to underline their fulfillment of conditions characteristic of AChEs (EC 3.1.1.7): they hydrolyzed ATCh significantly, they were inhibited by eserine at concentrations usual for AChEs, and they were inhibited by excess ATCh, so it is possible that they act biochemically and physiologically like AChEs. A "spontaneously soluble" portion of AChE activity (SS-AChE) was recovered from hemolymph and from tissues macerated in low-salt buffer, whereas a detergentsoluble AChE (DS-AChE) was obtained after extraction of tissues in low-salt buffer containing 1% Triton × 100. Native SS-AChE and DS-AChE have a molecular mass of 66 and 130 kDa, respectively, whereas denaturing SDS-PAGE under reducing conditions gave one band at 30 kDa for SS-AChE and 66 kDa for DS-AChE. SS-AChE is a hydrophylic monomer and DS-AChE an amphiphilic glycolipid-anchored dimer. This study contrasts with previous reports (Principato et al. 1981 (Principato et al. , 1983 ) of only one PrChE in this species. Nevertheless, previous studies were restricted to SS-AChE, with no extraction of tissues; moreover, kinetic parameters determined previously by Principato et al. (1983) are in good agreement with those obtained for SS-AChE by Talesa et al. (1995) .
Inhibition of ChE activity by organophosphate and carbamate pesticides
Organophosphate and carbamate pesticides inhibit the activity of AChEs at nerve endings. When the enzymes are blocked, they can no longer participate in the hydrolysis of acetylcholine. Thus, the neurotransmitter accumulates, its action is enhanced, and it finally causes death.
Inhibitory effects on AChE activity of the ragworm, N. diversicolor, were determined by Scaps et al. (1997a) at a concentration of 10 -6 M for three OP compounds (malathion, ethyl parathion, and phosalone) and a carbamate pesticide (carbaryl) during a toxicity test performed in the laboratory with individuals maintained in U-shaped glass tubes (mimicking natural burrows). Only short-term effects were measured, therefore no cumulative effect was found. Percent inhibition of AChE activity reached a maximum between 2 (carbaryl) and 7 (organophosphate compounds) days after exposure and then remained stable. Stenersen et al. (1992) tested the toxicity of ChE-inhibiting pesticides to earthworms of the genus Eisenia (E. f. andrei, E. fetida, and Eisenia veneta) using a standard paper-contact test performed by the Organization for Economic Cooperation and Development (OECD 1984) for ecotoxicological testing of industrial chemicals. In vitro inhibition experiments with carbaryl and paraoxon (diethyl 4-nitrophenyl phosphate) indicated that both species have at least two ChEs with different bimolecular inhibition constants. In E. f. andrei and E. fetida, carbaryl discriminated completely between different ChEs because one was completely resistant (E2) and the other two (E1a and E1b) were very sensitive, but the bimolecular constants were sufficiently different to discriminate between them. In these two species, the low lethality of carbaryl can be explained by the presence of E2. Two ChEs could be distinguished in E. veneta by carbaryl. However, this species lacks the carbaryl-resistant enzyme and is therefore killed by minute amounts of this toxicant. Eisenia veneta is probably more similar to L. terrestris and other earthworms with regard to reactions towards cholinesteraseinhibiting pesticides.
In E. f. andrei, parathion inhibits ChE activity in vivo but not in vitro, whereas parathion must be oxidized to paraoxon before being able to inhibit ChE (Stenersen 1979) . In vivo, an oxidative and a hydrolytic step must occur involving the cytochrome P-450 dependent mono-oxygenase system (see the section "Mixed-function oxidase enzyme system" below). Scaps et al. (1997b) showed that ChE activity in the earthworm E. fetida was not inhibited when individuals were exposed for 8 weeks to artificial soil containing either 8 or 80 ppm of cadmium or 100 or 2000 ppm of lead. The results differ from those reported by Labrot et al. (1996) for a closely related species of earthworm, E. f. andrei. In this species, significant decreases in ChE activity (up to 60%) were noted after exposure to both lead and uranium in vivo and in vitro. However, it should be noted that those authors used dishes containing moistened filter paper and aerated daily for in vivo exposure as described in the OECD (1984) standard test.
Effects of exposure to heavy metals
Stress-induced proteins
Heat-shock proteins
Characteristics and functions
In response to various stressors such as elevated temperature, UV light, xenobiotics, and heavy metals, organisms increase synthesis of the so-called stress proteins. As the majority of these proteins are heat-inducible they were at first termed heat-shock proteins (HSPs).
Induction of HSPs
In annelids, induction of HSPs was studied in only one species of estuarian polychaete, the ragworm N. diversicolor. At the present time, no studies of this nature have been performed with oligochaetes or achaetes.
When metameres of the N. diversicolor were exposed in vitro to heat shock or cadmium, they reacted by synthesizing stress proteins (Ruffin et al. 1994 ). In the case of cadmium exposure, the induction process takes longer and a preliminary 24-h exposure of whole animals is needed before the metameres are incubated in the presence of [
35 S]methionine. Two-dimensional electrophoresis and fluorography techniques indicated synthesis by the worms of at least 15 stress proteins, including the universal one referred to as stress 70 and a lot of low molecular mass proteins known to be speciesspecific (Lindquist and Craig 1988) . Injection of whole stressed animals with [ 35 S]methionine produced the same typical stress proteins as those observed with metameres for both stressors. Stress 70, synthesized by N. diversicolor in response to both stressors, appeared on fluorograms as an array of three charge isomers. Stress 70 proteins belong to the ubiquitous group of chaperones involved in normal cellular processes such as protein folding and assembling and translocation of protein precursors from cytosol to organelles (Gething and Sambrook 1992) .
In N. diversicolor, low molecular mass stress proteins are widely distributed, varying between 20 and 45 kDa, the most common being 22 kDa. The present authors observed that most of the low molecular mass stress proteins built up in response to heat shock were different from those observed after cadmium exposure.
Metal-binding proteins
Metallothioneins
3.3.2.1.1. Structure and properties-Metallothioneins (MTs) are metallo-derivates of the sulphur-rich protein thionein. MTs are a group of low molecular mass, heavy metal binding proteins; they contain a high proportion of cysteine residues, which do not form disulfide bridges (George and Olsson 1994) . MTs are also characterized by absorbance at 254 nm, owing to the presence of cadmium-mercaptide bonds, and are remarkably stable (in Nejmeddine et al. 1992) . MTs have historically been split into two classes: class I consists of those with sequence homology to equine MT (this includes most vertebrate MTs) and class II consists of unrelated cysteine-rich sequences. This group includes invertebrate MTs. It was suggested that the role of MTs is protection from the toxic effects of metal exposure, and physiological tolerance of heavy metals was attributed, at least in part, to the induction of metal-chelating proteins. This led to the assumption that the genes responsible for this mechanism will be up-regulated or differentially expressed during exposure. These metal-chelating gene products include MTs.
Recently, Stürzenbaum et al. (1998) , combining standard gel chromatographic techniques and novel molecular technologies (directed differential display and quantitative PCR), were the first to sequence two isoforms of a true metallothionein from an annelid, the earthworm L. rubellus. Both proteins are characterized by a high cysteine content (24.5%) and a lack of histidine, methionine, and aromatic residues (Fig. 1) .
Analysis of the two earthworm isoforms reveals that although they are slightly longer than the archetypal class I MTs, in all structural features they conform to a class I MT. Analysis of the derived amino acid sequence of isoform 2 identified two putative N-glycosylation signal sequences, suggesting that the two isoforms may have different subcellular distributions and functions. MT-Stürzenbaum et al. (1998) confirmed responsiveness to metals by determining MT-specific expression profiles in earthworms exposed to soils with differing heavy-metal concentrations. Expression profiles of MT were quantified by those authors by means of a fully quantitative fluorescence-based PCR technique in normal earthworms or in those exposed to soils with different heavy-metal concentrations. MT levels, which were low in the unpolluted control population, were 5-fold higher in worms living in a copper mine. Levels rose by a factor of over 1750 in the population of earthworms native to a heavily cadmium-polluted lead and zinc mine. Moreover, those authors showed that metallothionein transcripts increased 30-fold in earthworms maintained on artificial soil supplemented with a cadmium salt (6 mg CdCl 2 /g dry soil) over that in earthworms maintained on artificial soil only.
Inducibility of L. rubellus
Metalloproteins
3.3.2.2.1.
Metallothionein-like proteins-In annelids, metalbinding proteins sharing characteristics with vertebrate MTs (inducibility and affinity to heavy metals, elevated cysteine content, low molecular mass, and high absorbance at 254 nm) have been reported to play a role in the detoxification process. These MT-like molecules, however, differ by their higher contents of glycine (up to 18%) and aromatic amino acids (Stone and Overnell 1985) . Suzuki et al. (1980) found a low molecular mass cadmiumbinding protein (apparent molecular mass about 10 kDa) in the earthworm E. fetida. Furst and Nguyen (1989) found that the common earthworm L. terrestris produced a cadmiumbinding protein (MT-like) after the injection of cadmium salts. Two isoforms of this protein were detected by gel permeation. Morgan et al. (1989) isolated low molecular mass proteins from the posterior alimentary tract of two earthworms species, D. rubidus (apparent molecular mass 27.5 kDa) and L. rubellus (apparent molecular mass 24 and 27.5 kDa). BauerHilty et al. (1989) isolated a low molecular mass cadmiumbinding protein from the limnal oligochaete Lumbriculus variegatus. This protein has an apparent molecular mass of 19 kDa and has a high cysteine content (16.5%) After SDS-PAGE, three distinct bands with molecular masses of 19, 11.5, and 10.2 kDa were found. The three bands are assumed to represent a functional dimer, a monomer, and a partially carboxymethylated monomer. According to those authors, the high capacity for cadmium accumulation possessed by many oligochaetes may be explained by the presence of such cadmium-binding proteins, which probably play an important role in the detoxification of this metal.
Proteins with similar features were also characterized in polychaetes. Young and Roesijadi (1983) reported the existence of an inducible copper-binding protein in the sabellid polychaete Eudistyla vancouveri. Eriksen et al. (1988) investigated four groups of polychaete species and found a cadmium-binding protein in Lumbrineris fragilis that resembled mammalian metallothionein. Eriksen et al. (1989) also investigated the binding of some metals in five species of polychaetes and suggested that metallothionein-like proteins were present in two of the species investigated (Orbinia norvegica and Goniada maculata). Marcano et al. (1996) studied the patterns of accumulation and elimination of copper and zinc in the tropical polychaete worm Eurythoe complanata in relation to levels of metal-binding proteins during sublethal exposure. During the uptake and depuration phases, these authors found metallothionein-like proteins with molecular masses between 10 and 20 kDa with a higher affinity for zinc than for copper. At present, however, neither amino acid composition analysis nor sequence analysis of MT-like proteins from polychaetes was performed. 
3.3.2.2.2.
Non-metallothionein-like proteins-In annelids, in addition to metallothionein-like proteins, higher and lower molecular mass metalloproteins that bind heavy metals were found. In the earthworm E. fetida, Yamamura et al. (1981) studied the distribution profile of cadmium among the soluble proteins; in addition to an MT-like fraction (apparent molecular mass about 10 kDa), cadmium was also found in higher and lower molecular mass fractions (estimated molecular masses 63-70 kDa and less than 2 kDa, respectively). During their study of the binding of some metals in five species of polychaetes, Eriksen et al. (1989) showed that copper was primarily associated with components of high and very low molecular mass in addition to proteins of a size similar to mammalian metallothionein (25 kDa), whereas zinc was mainly recovered from the high molecular mass pool (35 kDa) and most of the nickel present eluted with very low molecular mass components (4 kDa). In the same manner, Marcano et al. (1996) found a heavier metalloprotein (60 kDa) in the polychaete E. complanata in addition to metallothionein-like proteins. This molecule displayed a higher affinity for copper, suggesting that different biochemical mechanisms underlie the control of zinc and copper metabolism through the activity of low and high molecular mass metal-binding proteins.
On the other hand, in other annelids, a variety of other metal-binding proteins similar in molecular mass to MTs were isolated and characterized, and all were suggested to be involved in heavy-metal detoxification. In contrast to MTs, these metalloproteins have a low cysteine content (1-4%) and a high aromatic amino acid content, as well as a lower affinity for cadmium, than MTs (in Nejmeddine et al. 1992) .
Following experimental exposure of the polychaete N. diversicolor to cadmium from seawater, the metal was bound to two forms of cadmium-binding protein: a high molecular mass form (MP I; over 67 kDa) and a low molecular mass form (MP II; about 20 kDa in its native state and 13.7 kDa when denatured) (Nejmeddine et al. 1988; . MP I was demonstrated to represent the extracellular hemoglobin of this annelid (Demuynck and Dhainaut-Courtois 1993) . MP II has a cysteine content of only 0.9% and possesses aromatic amino acids. The primary sequence of this molecule has been determined by . This protein is composed of 119 amino acids and shows 80.8% identity with the N. diversicolor myohemerythrin (Takagi and Cox 1991; Demuynck et al. 1991 . To investigate the role of metal-binding proteins in toxic metal metabolism in N. diversicolor, Demuynck and Dhainaut-Courtois (1994) studied metal movements at the subcellular level, performing repetitive exposures to a sublethal dose of cadmium. Those authors demonstrated the predominant role of the component MP I over MP II in the binding of cadmium. The accumulation of cadmium bound to MP I was shown to occur mainly between 24 and 48 h of exposure. The intervention of MP II in the binding of cadmium was seen to be very effective after 48 h of exposure and it is suggested that it represents a later step in cadmium metabolism in N. diversicolor. Nejmeddine et al. (1992) isolated and characterized a cadmium-binding protein from the terrestrial oligochaete A. caliginosa that was termed Cd-BP14 because of its molecular mass, 14 kDa, which was determined for the purified protein by SDS-PAGE and gel filtration chromatography under native conditions. This protein is a monomer and has an isoelectric point of 6.5. Cysteine was not present in this molecule. Cd-BP14 contains a high level of aromatic acids (11%) and histidine (6%). Subsequently, Nejmeddine et al. (1997) isolated two isoforms called Cd-BP14a and CdBP14b. The complete amino acid sequence of the major isoform Cd-BP14a (119 residues) and the amino-terminal sequence (57 residues) of Cd-BP14b were determined. CdBP14a and Cd-BP14b differ from each other at positions 19, 21, and 41 in the first 57 residues. The substitutions at positions 19 and 21 are conservative, whereas that at position 41 consists of the replacement of an aspartate residue in isoform Cd-BP14a by a lysine residue in isoform Cd-BP14b. Amino-acid homology revealed a high degree of homology between Cd-BP14, MP II, and proteins of the hemerythrin family, non-heme iron-binding proteins found in marine invertebrate phyla (Fig. 2) .
In general, some closely related species possess either MT or MT-like proteins, some possess MT-like and higher and (or) lower molecular mass metalloproteins, and others possess only non-MT-like metalloproteins. Thus, the presence of metal-binding-proteins and their relationship with ambient heavy metal availability seems to differ greatly among annelid taxa. Their function in metal metabolism and in the control of metal toxicity remains unclear and is not fully understood in these organisms, though it is inferred that they are important elements in the organisms' resistance to potentially toxic metal concentrations. Willuhn et al. (1996) showed that the expression of a cadmium-inducible gene encoding a 25-kDa non-metallothionein cysteine-rich protein (CRP) in the enchytraeid worm Enchytraeus buchhholzi depends on the cadmium concentration. This protein contains 27% Cys (Willuhn et al. 1994 ) and 8 tandemly arranged repeats of 31 amino acids with 9 cysteine residues in each one. One repeat contains one Cys-Cys motif and two Cys-Xaa-Cys motifs (Fig. 3) in a sequence resembling that of heavy-metal-binding proteins such as metallothionein (Willuhn et al. 1994 (Willuhn et al. , 1996 .
Non-metallothionein cysteine-rich protein
The amount of CRP mRNA present was correlated with the environment (worms were exposed to different cadmium concentrations in a fluid medium) as well as with the intraworm cadmium concentration. CRP mRNA is expressed within 2 h of the worms' exposure to cadmium, and even a subtoxic concentration, 100 mg cadmium/L, induced CRP gene expression. Other heavy metals or stress conditions induce little or even no CRP mRNA expression.
It appears that CRP is certainly involved in the cadmiumdetoxification process in this enchytraeid worm, but its exact function in this process is still unknown.
Enzymes involved in the detoxification of xenobiotics
Annelids that inhabit terrestrial (oligochaetes and achetes), freshwater (oligochaetes and achetes), and marine ecosystems (polychaetes and achetes) may play a very important role in the degradation of xenobiotics contaminating these habitats.
Some of the common biotransformation enzymes have been studied in polychaetes and oligochaetes, while nothing is known about the systems responsible for the biotransformation of xenobiotics in achetes. Of the biotransformation routes, the most important for most animals is oxidation by the cytochrome P-450 system (phase 1) and conjugation to glutathione (phase 2).
The mixed-function oxidase enzyme system
Oxidation is a common route that makes many lipophilic xenobiotics more water soluble, and animals have developed a complicated system involving microsomal monooxygenases or mixed-function oxidases (MFOs) to achieve this. The role of this system is to catalyze the oxidation of oil-soluble substances. The properties and role of the MFO system are documented only for some species of marine polychaetes and terrestrial oligochaetes.
Phase 1 cytochrome P-450 mediated MFO
The first authors to demonstrate the presence of a MFO system in annelids were Nelson et al. (1976) , who found that the pesticide aldrin was converted to dieldrin by the common earthworm L. terrestris. The requirement for oxygen and NADPH and sensitivity to inhibition by carbon monoxide suggested to those authors that the aldrin epoxydase of this earthworm is a typical microsomal MFO involving the hemoprotein cytochrome P-450. The highest aldrin epoxidase activity was found in the endoplasmic reticulum of the gut wall and the typhlosole (Nelson et al. 1976 ). The underlined amino acids in the amino-terminal half of isoform Cd-Bp14b denote changes with respect to isoform Cd-Bp14a; 3, 4, and 5 are myohemerythrins of Phascolopsis gouldii (sipunculid), Themiste zostericola (sipunculid), and Nereis diversicolor, respectively. 7, 8, and 9 are hemerythrins of T. zostericola, Themiste dyscritum (sipunculid), and P. gouldii. Conserved amino acids that are identical in all members of the myohemerythrin subfamily are shown at line C1 and conserved amino acids that are identical in all proteins are shown at line C2. An asterisk indicates a conservative replacement. The amino acids in boldface type are involved in the coordination of iron atoms. The four known helical regions in T. dyscritum hemerythrin and T. zostericola are indicated (after Nejmeddine et al. 1997). 3.4.1.1.1. Isolation and characterization of the cytochrome P-450 dependent mono-oxygenase system- Nelson et al. (1976) were not able to characterize cytochrome P-450 oxidase because in earthworms, the presence of a giant hemoglobin molecule similar in density and size to microsomes, makes studying cytochrome P-450 difficult because hemoglobin itself may catalyze a wide variety of mono-oxygenase reactions (Mieyal 1985) . By using gel filtration chromatography on Sepharose 2B, Liimatainen and Hanninen (1982) separated the interfering earthworm blood pigments from the microsomes and partially purified the cytochrome P-450 of L. terrestris. Berghout et al. (1991) isolated, partly purified, and characterized the cytochrome P-450 dependent monooxygenase system from the midgut of the same species. Those authors identified at least 3 different cytochrome P450s with apparent molecular masses of 48, 51, and 53 kDa, estimated by means of SDS-PAGE. The apparent molecular mass of the NADPH cytochrome P-450 reductase was 63 kDa. According to those authors, at present time the nature of the physiological substrate of the cytochrome P-450 dependent mono-oxygenase of the earthworm has yet to be determined. Lee et al. (1979) characterized the MFO system of the polychaete N. virens and showed that it was similar to those of other invertebrate and vertebrate groups (Fries and Lee 1984) ; it was composed of phospholipid, NADPH cytochrome P-450 reductase, and cytochrome P-450. The highest MFO activity was associated with the intestine.
Induction of the cytochrome P-450 dependent monooxygenase system: Milligan et al. (1986) were unable to detect an increased amount of cytochrome P-450 in the oligochaete Dendrobaena veneta after pretreatment with either 3-methylcholantrene or phenobarbitol, which are known to be good inducers of cytochrome P-450 in mammals, and they concluded that non-inducibility may be a general characteristic of earthworms.
In contrast, Lee et al. (1981) showed that MFO (benzo[a]pyrene hydroxylase) activity and cytochrome P-450 content increased in the polychaete N. virens after in vitro exposure to PCBs. Worms exposed to food containing benzo [a] pyrene or a mixture of PCBs (Arocolor 1254) had significantly higher MFO activity and cytochrome P-450 content than controls (Fries and Lee 1984) . However, benzo[a]pyrene hydroxylase activity did not increase after injection with the inducing agent 3-methylcholanthrene or exposure to benz [a] anthracene in food, water, or sediment (McElroy 1990) . Hahn and Stegeman (1992) suggested that N. virens may lack the receptor that mediates the induction of the aromatic-hydrocarbon-inducible isoform of cytochrome P-450 in other species. Thus, induction of cytochrome P-450 by aromatic hydrocarbons in polychaetes, if it exists, may be mechanistically different from induction in vertebrates. Recent studies suggest that metabolism of benzo[a]pyrene was not induced in various polychaetes, including L. fragilis, N. diversicolor, and Scolecolepides (Marenzellaria) viridis (Driscoll and McElroy 1996) from contamined sites. Moreover, only one species, S. (M.) viridis, showed a small increase in the percentage of total tissue benzo [a] pyrene that was biotransformed after the worms were exposed to 3-methylcholanthrene in the laboratory.
Owing to the fact that investigations have focused on only a limited number of species of polychaetes and oligochetes and no species of achetes, and because the results of induction experiments clearly indicate that these are large speciesspecific differences among polychaetes, further experiments on cytochrome P-450 mediated metabolism of lipophilic xenobiotics should be carried out with more species before conclusions are drawn concerning the role of cytochrome P-450 in annelids.
Phase 2 conjugation enzyme: glutathione S-transferases
3.4.1.2.1. Isolation and characterization of glutathione Stransferases-The glutathione S-transferases (GSTs) catalyze the reaction of the tripeptide glutathione with hydrophobic substances bearing an electrophilic center. Glutathione conjugation to electrophilic xenobiotics is a primary detoxification mechanism catalyzed by GTS (EC 2.5.1.18), responsible for glutathione-mediated dealkylation, dearylation and dehalogenation of insecticides, and elimination of many epoxides formed by the MFO system. GSTs have been isolated and characterized only from oligochaetes.
GST isoenzymes from cytosolic extracts of several earthworm species have been separated by isoelectric focusing , anion-exchange and hydroxyl apatite adsorption chromatography (Stenersen and Oien 1981) , or affinity chromatography and electrophoresis (Stenersen et al. 1987) . The different types present in E. f. andrei were substrate-specific. Recently, Borgeraas et al. (1996) purified the GSTs of E. f. andrei and E. veneta and divided them into 6 and 5 groups, respectively. According to their structural, catalytical, and immunological properties, Borgeraas et al. (1996) found a high level of homogeneity with the pi class of mammalian GST.
Nevertheless, the physiological role of GSTs in earthworms is obscure because each one characterized had narrow substrate specificity, GST activities showed great species differences, and some substrates were not, whereas other were, conjugated and some substrates were conjugated in some species only. Typical "methyl transferase" activity was not found in earthworms (Stenersen and Oien 1981) , and according to Stenersen (1984) they probably lack the ability to demethylate organophosphorous insecticides like bromophos and parathion methyl; consequently, their intrinsic function may be to support excretion of endogenous catabolic products (higher GST activity was detected by Stenersen and Fig. 3 . Consensus sequence of the CRP repeat. The sequence was deducted from the nucleotide sequence of CRP cDNA. Xaa indicates variable amino acid residues (after Willuhn et al. 1996) . Oien (1981) in the nephridia than in other tissues), rather than to support detoxication of xenobiotics. GSTs-Hans et al. (1993) showed that total GST activity in the earthworm Pheretima posthuma increased considerably in the early stages of exposure to 1 mg/g of aldrin, endosulphan, or lindane, and activity subsequently declined to near control levels after 4 weeks. By contrast, Borgeraas et al. (1996) showed that exposure of E. fetida and E. veneta to trans-stilbene oxide, 3-methylcholanthrene, and phenobarbital for 3 weeks did not elevate the activity of GST.
Inducibility of
A recent study by Grelle and Descamps (1998) showed that GST activity in the earthworm E. fetida is not affected by heavy metals (cadmium, copper, lead, zinc) either in vivo or in vitro. According to these authors, the original function of GST in oligochaetes in not yet clear but its noninducibility, as is also the case for the MFO system by organic compounds, seems to be a common phenomenon (Milligan et al. 1986; Stokke and Stenersen 1993; Borgeraas et al. 1996) . It may be suggested that the non-inducibility, relative to plant-eating animals, is due to their diet of detritus. The capacity for enzyme induction, which represents an important defense mechanism in some animals, has probably evolved for detoxifying secondary plant metabolites in the constant "chemical warfare" between herbivores and plants (Brattsten et al. 1977; Yu 1982; Nebert et al. 1989; Stenersen 1992) .
To summarize, though GSTs are present in annelids, the current data do not allow one to assign to them a clear role in the defensive mechanisms of annelids.
Oxidative stress and antioxidant defenses
The formation of highly reactive oxygen species (ROSs) is a normal consequence of essential biochemical reactions, including mitochondrial and microsomal electron transport systems, phagocytosis, xenobiotic-enhanced redox cycling, and transition metal chemistry. As a consequence of the instability of these ROSs and their potential to damage cells and tissues, there are both enzymes and low molecular mass molecules with antioxidant capability that can protect against the adverse effects of ROSs (in Saint-Denis et al. 1998) . When rates of production of ROSs exceed their rates of removal, oxidative damage, such as lipid peroxidation, occurs. Among the antioxidants are enzymes that reduce ROSs in order to move stable compounds. Catalase (CAT, EC 1.11.1.6) and glutathione peroxidase (GPX, EC 1.11.1.9) intervene in hyperoxide detoxification (preventing either ROS toxicity or the chain-propagation reactions involved in lipid peroxidation). CAT is one of the main antioxidant enzymes that converts hydrogen peroxide to nontoxic oxygen and water at a very rapid rate ( Glutathione also intervene in cell defense against ROSs and xenobiotics because it is the substrate for GPX enzymes, it can be conjugated with electrophilic xenobiotics as a result of GST activity, and it can link directly to pro-oxidants. In the cells, there is an equilibrum between the reduced (GSH) and the oxidized (GSSG) forms of glutathione. However, the only chemically active form is the reduced one. Thus, as with GPX activities, GST activities cause a reduction in the GSH level and, thus, a decrease in the cellular antioxidant status. The glutathione reductase enzyme (GR, EC 1.6.4.2), then, plays an important role in cell protection by reducing GSSG to GSH via the reaction GSSG + NADPH + H + → 2 GSH + NADP + (Saint-Denis et al. 1998 ). Very few studies of antioxidant enzymes in annelids have been performed. However, there is recent evidence that oxidative stress may occur in oligochaetes. Little is known about oxidative stress and antioxidant defenses in other classes of annelids. Stenersen et al. (1979) and Stenersen and Oien (1981) showed the existence of an operative system involving glutathione and GST in earthworms. Chen et al. (1994) studied the effects of 1 mM cadmium(II) alone and in combination with several concentrations of iron(II) on in vivo CAT activity in the freshwater oligochaete Tubifex tubifex. Those authors reported that CAT activity can increase after individuals are treated with certain concentrations of cadmium(II), iron(II), or cadmium(II) with iron(II) for 48 h. In contrast, metals, especially iron, have an inhibitory effect on purified CAT in vitro and immediately (6 h) post exposure in vivo. A mixture of cadmium(II) and iron(II) increases CAT activity in vivo after 2 days' exposure, and certain concentrations of iron(II) are protective against cadmium(II) toxicity. According to those authors, iron could inhibit cadmium uptake and transfer; moreover, iron, which is an integral part of the CAT molecule, may enhance the synthesis of CAT and could protect the T. tubifex worms against the toxic effects of cadmium(II). Furthermore Labrot et al. (1996) showed that in vitro exposure to uranium inhibits CAT and GPX activities in the earthworm E. f. andrei, whereas lead inhibits only CAT activity. The same results were obtained during in vivo exposure. So lead and uranium have the power to inactivate enzymes. More recently, Saint-Denis et al. (1998) studied the activities of the main enzymes (CAT, GPX, GR, and GST) involved in the antioxidant defenses of the same species. The four enzymes were localized mainly in the cytosolic fraction of cells. CAT distribution was unusual, as it was not associated with peroxisomes. The CAT of E. f. andrei catalyzes both catalytic and peroxidative reactions; thus, its properties are consistent with a catalaseperoxidase rather than a true CAT. The authors' observations indicate the presence of a distinct cytosolic selenium-dependent GPX (Se-GPX) and a possible microsomal Se-GPX. Strong non-Se-GPX activity was measured in the CF and the coelomocytes, which could be linked to the peroxidase activity of fetidins secreted by coelomocytes (Milochau 1997 ) and with ROS production in these cells. According to that author E. andrei is well equipped for the metabolism of electrophilic and pro-oxidants through glutathione.
Conclusion
Annelida are among the first coelomates and are therefore of special phylogenetic interest. Polychaeta are restricted to the marine domain and are considered the most primitive annelids, based on morphology, physiology, and develop-ment. Oligochaeta, especially the ectoparasitic Hirudinea, are more evolved.
The immune defenses of these animals partially reflect this situation. The primary protection against bacterial aggressionis provided by the mucus covering the body wall, especially in Polychaeta. The immune defenses of Annelida have developed principally as cellular immunity. Phagocytosis, an ancestral mechanism that first appeared in Protozoa, represents an active way of engulfing and destroying microorganisms. Encapsulation is more efficient for protection against parasites. The building of the capsule is an interesting model of cooperation between several coelomocyte populations. This process likely involves emission of signals, but the nature of these molecules remains unknown.
Cell cytotoxicity has been well studied in Oligochaeta by the method of graft rejection. Subsequent xenografts are rejected faster than the first implant. Accelerated rejection, weak specificity, and short-term "memory" (a few days) are the three characteristics of the earthworm's cellular immune defense system. In contrast to the first-set xenograft, the second-set xenograft accelerates the rise in coelomocyte numbers. The small-coelomocyte population becomes the most abundant, whereas larger coelomocytes are not stimulated by grafts. This cell specialization could be the evolutionary origin of the memory cells of vertebrates, but these cytotoxic cells could also be the hypothetical evolutionary precursor of the NK cells. Polychaeta also contain cytotoxic coelomocytes that are morphologically similar to the small coelomocytes of Oligochaeta. These cells are capable of killing xenogenic cells by a contact-dependent cytolytic process, releasing an adhesive and lytic factor (perforin-like) against the target cells.
Invertebrates have no humoral components that possess specificity analogous to vertebrate antibodies. However, the CF contains molecules (agglutinins) that have the capacity to aggregate foreign particles, especially bacteria, through affinity with the sugars of the microorganism wall. This process facilitates phagocytosis or encapsulation of pathogens. Prestimulation by bacteria or erythrocytes facilitates (up to 7-fold) the release of this agglutinin. The presence of other molecules (antigen-binding proteins) in Oligochaeta after haptened proteins were injected into the CF has been mentioned. Experimentally, binding with the antigen was significantly greater when the same antigen was used for sucessive stimulations, but specificity remained considerably lower than that of vertebrate immunoglobulins. Oligochaeta also possess a hemolytic and antibacterial protein (fetidin) that constitutes about 75% of the bacterial activity of the CF. Polychaeta seem to have less active humoral immunity, perhaps because cellular activity seems to be enhanced in this more primitive group. However, an antibacterial protein acting against bacteria by sideroprivation has been detected.
By contrast with the deuterostome coelomates (tunicates, vertebrates), the Protostomia (Annelida, Mollusca, Arthropoda) have not developed specifity in the course of evolution. However, the insects, the most evolved group of Protostomia, have acquired many antibacterial peptides that are available for use against several strains of bacteria. Except for the evolved group of Hirudinea, in which an antibacterial peptide (enkelitin) has been discovered, no other similar molecules have been mentioned in Annelida.
Annelida react to physical and chemical insults by means of various processes, principally the synthesis of stress-induced proteins and modulation (inhibition or stimulation) of enzyme activities. Moreover, these responses are frequently different from those of vertebrates, particularly in the nature of the inducers. In other respects, these responses are extremely variable in the phylum Annelida, even closely related species. Our knowledge of defense mechanisms in Annelida remains very poor, and it is necessary to carry out further studies with more species, especially with hirudeans, before wide-ranging conclusions can be drawn concerning the nature of defense mechanisms in this phylum.
